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We present theoretical results on the 208Pb(νe, e
−)208Bi and 208Pb(νµ, µ−)208Bi reaction cross
sections as a function of neutrino energy obtained within the charge-exchange Random Phase Ap-
proximation. A detailed knowledge of these cross sections is necessary to assess the possibility of
using lead as a detector in future experiments on supernova neutrinos, such as OMNIS and LAND,
and possibly detecting neutrino oscillation signals by exploiting the spectroscopic properties of 208Bi
excited in the charged-current neutrino-208Pb reaction. Eects resulting from the way Coulomb cor-
rections are treated are also discussed.
The study of reactions induced by neutrinos on nuclei is
at present an active eld of research. A detailed knowl-
edge of the reaction cross sections is interesting for dif-
ferent domains, going from high energy physics to astro-
physics [1]. For example, they are necessary in the in-
terpretation of current experiments on neutrinos as well
as in the evaluation of possible new detectors for future
experiments. The importance of neutrino-nuclei reac-
tions in astrophysical processes, such as the r-process
nucleosynthesis, is also being attentively studied [2,3].
In particular, ν − Pb reactions have attracted much in-
terest recently. Lead has been used as a shielding ma-
terial in the recent experiments on neutrino oscillations
performed by the LSND collaboration [4,5] so that es-
timates of the ν − Pb reaction cross sections are neces-
sary for the evaluation of backgrounds in these experi-
ments; also projects on lead-based detectors [6], such as
OMNIS [7,8] and LAND [9], are being studied for the
purpose of detecting supernova neutrinos. These detec-
tors might provide information on neutrino properties,
such as oscillations in matter [10] or the mass by mea-
suring the time delay and/or spreading in the neutrino
signal [8,9] as well as help in testing supernova models.
From the practical point of view, lead-based detectors
seem to present several of the characteristics required to
be supernova observatories, namely high sensitivity to
neutrinos of all flavors, simplicity, reliability with inex-
pensive materials [9]. Large cross sections for neutri-
nos in the supernova energy range are also an important
condition since they determine the possible rates and
therefore the maximum observable distance. Actually,
ν-nucleus reaction cross sections increase strongly with
the charge of the nucleus. For example, if the neutrinos
come from the decay-at-rest (DAR) of µ+, the cross sec-
tions of the flux-averaged charged-current (CC) reaction
νe +Z XN !Z+1 X 0N−1 + e− goes from about 5.4 10−42
cm2 for 12C [11{13], to 2.38 10−40 cm2 in 56Fe [14] and
is calculated to be 5.96 10−39 in 208Pb [15]. Besides these
practical features which are essential in the choice of the
nucleus to use to detect neutrinos, another important
feature is the spectroscopic properties which may sug-
gest attractive signals of supernova neutrino oscillations.
In [10], for example, it has been shown that the mea-
surement of events where two neutrons are emitted by
208Bi excited in the reaction νe +208 Pb !208 Bi + e−
is both flavor-specic and very sensitive to the mean en-
ergy of the νe. In case when νµ, ντ ! νe oscillations take
place, the hotter νe would increase the number of two
neutron events by a factor of forty [10]. Another pos-
sible signal has been proposed in [15], that is that the
energy distribution of the neutrons emitted in the same
CC reaction should have a peak at low energy more or
less pronounced according to whether the oscillations oc-
cur or not. This peak would come from the excitation of
a peak at around 8 MeV in the Gamow-Teller strength
distribution. (One should however note that this peak
has never been observed experimentally). Both the esti-
mate of the CC ν − Pb reaction cross section in [10] and
the microscopic calculations of [15] show that a possible
oscillation signal relies strongly on the knowledge of the
spectral properties of 208Bi. In fact, the CC reaction
cross section induced by νe scales almost as the square of
the electron energy and is particularly sensitive to the de-
tailed structure of the excitation spectrum as was already
pointed out for the case of 12C [16]. It is then important
either to get the cross sections directly from the experi-
ment or/and to obtain dierent theoretical estimates in
order to know the theoretical uncertainties and how they
aect the reaction cross sections. This is crucial when the
impinging neutrino energy increases because not only the
allowed Gamow-Teller (GT) and Isobaric Analogue State
(IAS) contribute signicantly to these cross sections but
also forbidden transitions, of rst-, second-, third-order
(which are not very well known experimentally).
In this paper, we present new theoretical results for
the CC νe +208 Pb !208 Bi + e− reaction cross sec-
tion. Our calculations, as opposed to [15], are performed
in a self-consistent charge-exchange Random-Phase-
Approximation (RPA) with eective Skyrme forces. The
neutrino energy spans a large range because of the various
processes considered, such as future experiments with as-
tronomical neutrinos, recent terrestrial experiments such
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as the LSND ones [15] or the r-process nucleosynthesis.
We prefer to give non flux-averaged cross sections ob-
tained for both low-energy νe and high-energy νe, νµ,
over the range determined by the energies of the decay-
in-flight (DIF) of µ+ and pi+. Flux-averaged DAR and
DIF cross sections are given in the latter case and com-
pared with the results in [15]. Concerning low-energy
neutrinos, these cross sections may be used to convolute
with dierent energy spectra from dierent supernovae
models (their average energy and details are still subject
to uncertainties). We also show the importance of the
contribution of forbidden transitions and how it evolves
as a function of neutrino energy. This is often not taken
into account in many present r-process nucleosynthesis
calculations and so the neutrino-nuclei cross sections are
underestimated as pointed out in [17] for rst forbidden
transitions.
The general expression for the dierential cross section
as a function of the incident neutrino energy Eν for the
reaction νl +208 Pb ! l +208 Bi (l = e, µ) is [18,19]
σ(Eν) =
G2
2pi
cos2θC
∑
f
plEl
∫ 1
−1
d(cos θ)Mβ , (1)
where Gcos θC is the weak coupling constant, θ is the
angle between the directions of the incident neutrino and
the outgoing lepton, El = Eν − Efi (pl) is the outgoing
lepton energy (momentum), Efi being the energy trans-
ferred to the nucleus, Mβ are the nuclear Gamow-Teller
and Fermi type transition probabilities [19].
In a nucleus as heavy as Pb the distortion of the out-
going lepton wavefunction due to the Coulomb eld of
the daughter nucleus becomes large and aects the in-
tegrated cross section considerably. In our treatment of
this eect we follow the ndings of ref. [20]. In ref. [20]
it is found that the \Eective Momentum Approxima-
tion" (EMA) works well for high energy neutrinos. This
approximation consists in using an eective momentum
peffl =
√
E2eff −m2 where Eeff = E − VC(0) (VC(0)
is the Coulomb potential at the origin) in calculating
the angle integrated cross section and multiplying eq.(1)
by (peffl /pl)
2. It is also shown that the Modied EMA
(MEMA) works better than EMA for νµ of low and high
energies. In this approximation eq.(1) is multiplied by
peffl Eeff/plEl. We use therefore this method in all our
calculations of the (νµ, µ−) cross sections. In the case
of the (νe, e−) process, the situation is somewhat more
complicated. The Fermi function works only for very
low energies, namely Ee  10 MeV (where peR  1, R
is the nuclear radius), whereas the MEMA seems to be
a good approximation for most energies of the outgoing
electrons [20]. We adopt this procedure in our calcula-
tions although the accuracy of our calculations might be
smaller for neutrinos with very low energies.
To get flux-averaged cross sections it is necessary to
convolute (1) by the neutrino flux f(Eν), that is
hσif =
∫ 1
E0
dEνσ(Eν)f(Eν), (2)
E0 being the threshold energy. The choice of f(Eν) de-
pends on the neutrino source and can be taken for ex-
ample equal to the supernova neutrino energy spectrum
given by transport codes or the neutrino fluxes produced
by a beam dump.
The nuclear structure model used to evaluate the tran-
sition probabilities Mβ in (1) is the charge-exchange
Random-Phase-Approximation (RPA). The details of the
approach can be found in [21]. The calculations we
present have been obtained in a self-consistent approach:
the HF single-particles energies and wavefunctions as well
as the residual particle-hole interaction are derived from
the same eective forces, namely the SIII [22] and SGII
[23] Skyrme forces. We have found that the model con-
guration space used is large enough for the Ikeda and
Fermi sum rule to be satised as well as the non energy-
weigthed and energy-weighted sum rules for the forbid-
den transitions [24].
We have calculated the dierential cross sections
for the reactions 208Pb(νe, e−)208Bi (gs.1,2) and
208Pb(νµ, µ−)208Bi (g.3) as a function of the neutrino
energy for a mesh of energies, i.e. E = 2.5 MeV
for Eνe  52.5 MeV and E = 5.0 MeV for Eνl 
52.5 MeV (l = e, µ). The results shown have been ob-
tained with the SIII force, but we have found that with
the SGII force we get quite similar results. We have in-
cluded all the multipolarities with J  6 and checked
that the contribution coming from J = 7 is small. (For
higher multipolarities a mean eld description, neglecting
the particle-hole residual interaction, can be used to eval-
uate the transition probabibilities (1)). In g.1 we show
two graphs for the (νe, e−) inclusive cross section with
Eνe < 52.5 MeV , one evaluated with the Fermi function
(dotted line) and the other (solid line) computed using
the MEMA approximation for the Coulomb distortions
of the outgoing electron. We see that the two curves are
quite dierent demonstrating that the treatment of the
Coulomb distortions is an important ingredient in the
calculation of the charged current neutrino reactions in
heavy nuclei. The wiggles in the solid line reflect the
dependence of the amplitude on the excitation energies
of those states in 208Bi that contribute signicantly to
the inclusive cross section. In gs.2 and 3 we show the
(νe, e−) (Eνe > 52.5 MeV ) and (νµ, µ−) inclusive cross
sections, both obtained with the MEMA approximation.
The behaviour of these cross sections as a function of the
neutrino energies is, as expected, very similar for νµ and
νe, the only dierence coming from the mass threshold.
Figures 4,5,6 show the contribution of the dierent
multipolarities to the total cross section in the MEMA
approximation (g.1), for the impinging neutrino en-
ergies Eνe = 15, 30, 50 MeV , which are characteris-
tic average energies for supernovae neutrinos. When
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Eνe = 15 MeV (g.4), σνe is dominated by the allowed
Gamow-Teller (Jpi = 1+) transition, but already one
component of the spin-dipole (Jpi = 0−, 1−, 2−) gives a
signicant contribution. As the neutrino energy increases
(g.5), the allowed IAS and other forbidden transitions
(Jpi = 2+, 3+) start to contribute signicantly. Finally,
we see that, when Eνe = 50 MeV (g.6), the GT and IAS
transitions are not dominating at all, the cross section is
being spread over many multipolarities. These results
suggest that r-process nucleosynthesis calculations such
as [3], which include neutrino-nuclei reactions, should
take into account forbidden transitions. This may be
even more important if ντ , νµ ! νe oscillations occur,
because in this case electron neutrino may have a higher
average energy than it is usually expected from current
supernovae models.
Using eq.(2) we have calculated the total inclusive
flux-averaged cross sections by convoluting the energy
dependent neutrino cross sections (gs.1,3) with the
neutrino fluxes for both νµ coming from the DIF of
pi+ and νe coming from the DAR of µ+. The neu-
trino fluxes f(Eν) were taken from [25]. These neu-
trino fluxes have been used in the recent experiments
νµ ! νe [4,26], νµ ! νe [5,27] or νµ ! νx [28] per-
formed by the LSND and KARMEN collaborations. The
DAR(νe, e−) cross section calculated using the Fermi
function is σDAR = 70.410−40 cm2 ; while the one calcu-
lated in the MEMA is 56.210−40 cm2. The DIF (νµ, µ−)
is σDIF = 399  10−40 cm2. These results are comparable
with the values σDAR = 59.6  10−40 cm2 (obtained with
the Fermi function) and σDIF = 31910−40 cm2 obtained
in [15]. We see that there is a 20% dierence with the
results in [15] in the DAR cross section if the Coulomb
distortions are treated in the same way (the Fermi func-
tion). This dierence is due to the very strong sensitivity
of this cross section to the energies of the excited states
as was already pointed out in [16]. If we use the MEMA
approximation, our cross section changes by 20 − 30%.
As gure 1 shows, the two cross sections have a quite
dierent behaviour as a function of the neutrino energy
so that this dierence on the flux-averaged cross section
may vary according to the particular neutrino source con-
sidered.
As mentioned, two possible neutrino oscillation
νµ, ντ ! νe signals based on the spectroscopic properties
of 208Bi excited in the CC reaction have been proposed
recently. In [10], it was shown that the 2-neutron events
associated with the deexcitation of 208Bi are very sen-
sitive to the mean electron neutrino energy. This signal
relies on the fact that most of the IAS, GT and rst-
forbidden strength distributions are above the 2n emis-
sion threshold (14.98 MeV ) in 208Bi. Our results show
that not only the allowed and spin-dipole strengths are
above this threshold, but also a fraction of the strength
distributions associated with other forbidden transitions
(g.5) will contribute to the 2n decay. All the arguments
given in [10] are based on the statistical calculations of 1n
and 2n decays. The direct 1n emission represents about
50% of the total width in the case of the IAS, and 5−10%
in the case of the GT [21].
In [15], it was pointed out that the energy distribution
of the neutrons in the 1n events should form a peak at
low energy, more or less pronounced according to the oc-
curence or absence of oscillations. This peak comes from
the GT strength distribution at around 7.6 MeV which is
located above the 1n threshold emission at 6.9 MeV . Our
GT distribution also shows a peak at around 7.5 MeV .
We have checked that its location is not sensitive to the
choice of the eective forces used. Still one should be
careful about conclusions, because predictions of dier-
ent models about the energy location and strength of that
peak are at variance.
In summary, we have calculated the 208Pb(νe, e−)208Bi
and 208Pb(νµ, µ−)208Bi reaction cross sections in a self-
consistent charge-exchange Random-
Phase-Approximation with Skyrme eective forces. The
dierential cross sections as a function of neutrino en-
ergy are given. They can be employed in the interpre-
tation of the recent experiments on neutrino oscillations
performed by the LSND collaboration (where reactions
induced by neutrinos on lead contribute signicantly to
the background) as well as for the projects under study
in which lead should be used to detect supernova neutri-
nos. We have also given the flux-averaged reaction cross
sections with νµ coming from the DIF of pi+ or with νe
coming from the DAR of µ+, in comparison with other
recent microscopic calculations. We have also studied
the eect of Coulomb distortions and the way these are
introduced in the calculation of cross sections. For the
DAR νe cross sections we nd changes of 20 − 30% de-
pending on whether the Fermi function or the modied
Eective Momentum Approximation is used. Finally, we
have shown that forbidden transitions contribute signi-
cantly to the neutrino-nuclei reaction cross sections even
at the \astrophysical neutrino energies" and they should
be included in present r-process nucleosynthesis calcula-
tions.
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FIG. 1. Dierential 208Pb(νe, e
−)208Bi cross section as a
function of electron neutrino energy (Eνe < 52.5 MeV ) for a
mesh of energies (E = 2.5 MeV ). The two curves show the
results obtained with two dierent treatment of the Coulomb
distortions : i) the Fermi function (dotted line) and ii) the
Modied Eective Momentum Approximation (solid line).
FIG. 2. Dierential 208Pb(νe, e
−)208Bi cross section as a
function of electron neutrino energy (Eνe > 52.5 MeV ) for a
mesh of energies (E = 5.0 MeV ), obtained with the MEMA
approximation.
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FIG. 3. Dierential 208Pb(νµ, µ
−)208Bi cross section as
a function of muon neutrino energy for a mesh of energies
(E = 5.0 MeV ), obtained with the MEMA approximation.
FIG. 4. Contribution of the dierent multipolarities to the
dierential 208Pb(νe, e
−)208Bi cross sections (10−40 cm2) for
Eνe = 15 MeV , obtained with the MEMA approximation.
FIG. 5. Same as g.4 but for Eνe = 30 MeV .
FIG. 6. Same as g.4 but for Eνe = 50 MeV .
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